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ABSTRACT
We investigate the morphology of the colour-magnitude diagram (CMD) of the
open cluster NGC 2509 in comparison with other Galactic open clusters of similar
age using Gaia photometry. At ∼ 900 Myr Galactic open clusters in our sample all
show an extended main sequence turn off (eMSTO) with the exception of NGC 2509,
which presents an exceptionally narrow CMD. Our analysis of the Gaia data rules out
differential extinction, stellar density, and binaries as a cause for the singular MSTO
morphology in this cluster. We interpret this feature as a consequence of the stellar
rotation distribution within the cluster and present the analysis with MIST stellar
evolution models that include the effect of stellar rotation on which we based our
conclusion. In particular, these models point to an unusually narrow range of stellar
rotation rates (Ω/Ωcrit,ZAMS= [0.4, 0.6]) within the cluster as the cause of this singular
feature in the CMD of NGC 2509. Interestingly, models that do not include rotation
are not as good at reproducing the morphology of the observed CMD in this cluster.
Key words: Open clusters. Techniques: Gaia photometry.
1 INTRODUCTION
Originally discovered in massive intermediate age stellar
clusters in the Large Magellanic Clouds (Mackey & Broby
Nielsen 2007) extended main sequence turn-offs (eMSTOs)
are now known to be a common feature of clusters with
ages between 10−20 Myr (Li et al. 2017; Beasor et al. 2019)
and ∼ 2 Gyr (e.g. Martocchia et al. 2018) and masses as
low as a few thousand solar masses (e.g. Piatti & Bastian
2016). Additionally, with proper motion cleaned high pre-
cision photometry available with Gaia, eMSTOs have been
seen in an increasing sample of Galactic open clusters as
well (Bastian et al. 2018; Marino et al. 2018; Cordoni et al.
2018).
The ubiquity of the eMSTO feature, as well as the ob-
served relation between the age of the cluster and the extent
of the MSTO width (Niederhofer et al. 2015) argue for a stel-
lar evolutionary effect as the cause of the feature. One such
effect could be stellar rotation, where rotating stars have
their position in a colour-magnitude diagram (CMD) shifted
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due to changes in both their internal chemical and hydro-
static equilibrium structures (Bastian & de Mink 2009). In-
deed, the position of a star within the CMD on the MSTO
has been found to be correlated with the measured rotational
velocity (V sini) in a number of clusters (Dupree et al. 2017;
Kamann et al. 2018; Bastian et al. 2018; Marino et al. 2018).
As part of a large study on the extended MSTO phe-
nomenon, we have compiled a list of ∼ 50 open clusters with
precise parallax determination, low differential extinction,
and with ages that span from ∼ 30 Myr to ∼ 4 Gyr. The
full sample and analysis will be presented in a future work
(de Juan Ovelar et al. in preparation). As part of this anal-
ysis, we found a specific cluster, NGC 2509, which deserves
special attention, given its apparent lack of an eMSTO at an
age (∼ 900 Myr) where all other coeval clusters in the sample
clearly show it. In the present study we analyse the CMD of
NGC 2509 and compare it with other clusters in our sample
with similar ages using photometry obtained with Gaia. In
particular, we compare the eMSTO properties of NGC 2509
to NGC 1817, NGC 2360, NGC 2818, NGC 5822, NGC 7789
and Melotte 71, focusing on its lack of extended MSTO in
comparison with the others. We argue that the particular
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Figure 1. Upper left: Spatial distribution of the stars in the Gaia catalogue within 10 arcmin of NGC 2509’s centre (hereafter referred to
as field of view). Cluster members are highlighted as magenta-filled stars. Upper right: Proper motions of all stars, with cluster members
shown as magenta-filled dots. The blue circle marks the area occupied by the selected members in proper motion space. Bottom left:
Parallax distribution of all stars in the field of view (gray-solid line), stars within the proper-motion area we defined for the cluster (blue-
solid line) and selected members based on the proper motions and parallax cuts applied (see Section 2.1). Bottom right: Colour-Magnitude
diagram of all stars in the field with cluster members shown again as magenta-filled dots.
morphology of NGC 2509’s MSTO is related to the partic-
ulars of its member’s rotation distribution.
In Section 2 we present the data and the process fol-
lowed to select members of the clusters, and to estimate
their extinction, ages and age-spread. In Section 3 we anal-
yse NGC 2509’s CMD in comparison with the other clusters,
and in Section 4 we discuss the possible explanations of the
differences we find. Finally, we present our conclusions in
Section 5.
2 DATA AND METHODOLOGY
2.1 Membership selection
We use Gaia DR2 data of the following clusters: NGC 1817,
NGC 2360, NGC 2509, NGC 2818, NGC 5822, NGC 7789,
and Melotte 71. These clusters are those in our sample with
clean CMDs and ages within 200 Myr of ∼ 900 Myr, which is
our estimated age for NGC 2509. We downloaded Gaia DR2
astrometry, proper motions, photometry, and parallaxes of
stars within 10 arcmin of the centre of each cluster.
The cluster member selection is done systematically
as follows. First we clean the downloaded catalog by re-
jecting sources with an error in proper motion larger than
0.5 mas/year. We then determine the cluster centre either
by means of a 2D-histogram of the remaining stars in proper
motion space, or by directly inspecting the proper motion di-
agram. Then, we select stars within a certain radius of this
centre in proper motion space, which is different for each
cluster, and build a histogram of their parallaxes. Any star
with parallax value within 2σt of the maximum of the paral-
lax distribution, with σt being each individual star’s error in
parallax, is considered a candidate member. At this point,
we refine the selection applying a further 3D–membership
probability cut in proper motion and parallax space follow-
ing the method outlined in Kamann et al. (2014) and as-
suming a velocity dispersion of 2 km/s independently of the
cluster.
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Figure 2. Colour-Magnitude diagram of NGC2509’s cluster
members shown as magenta-filled stars. Three non-rotating MIST
isochrones are shown together with the data. The two gray-dashed
lines correspond to the isochrones delimiting the spread of the
main sequence turn-off in NGC2509 (∆MSTO). The gray-dotted
line is the nearest isochrone to our estimated age.
Figure 1 shows images of spatial, proper motion, par-
allax and color-magnitude distributions for the cluster
NGC 2509 used to select the cluster members (top-left, top-
right, bottom-left and bottom-right panels, respectively).
Once we have a catalog of members for each cluster, we
obtain an estimate of the cluster distance d by computing
the median value of the parallax of all members above a G
magnitude of 17. We then obtain the distance modulus (µ)
of each cluster as µ = 5 × log(d) − 5. In order to investi-
gate the effect that the zero point offset issues in the Gaia
parallaxes (e.g. Lindegren et al. 2018) have in our µ values,
we have recomputed all distance modulii in our sample sub-
tracting 0.08 mas from the median parallax measured for
each cluster, which is the maximum average global offset we
found in the literature (see Choi et al. 2018). The average
variation in the values of µ for our sample is of a 3.3%, with
a maximum of 5.8% for the cluster NGC 2818. Keeping in
mind that we assumed the worst case scenario for a global
offset in parallax, we can assume that the impact of this
issue in our particular sample is very low.
2.2 Estimating extinction and age
In order to estimate the extinction (AV) and age of the clus-
ters, we first fit non-rotating Mesa Isochrones and Stellar
Table 1. Estimated parameters for our cluster sample
Cluster µ AV Age ∆MSTO N
?
MS fbin rMSTO/MS
NGC 1817 11.37 1.1 720 230 140 0.17 3.36
NGC 2360 10.23 0.5 960 370 101 0.21 3.79
NGC 2509 12.36 0.75 860 60 116 0.17 1.38
NGC 2818 12.82 0.9 720 230 179 0.19 3.27
NGC 5822 9.63 0.6 810 202 91 0.18 4.18
NGC 7789 11.76 1.3 1070 390 736 0.19 2.41
MELOTTE 71 11.81 0.65 940 210 184 0.16 3.77
Cluster, distance modulus, extinction, age (Myr), main sequence turn-off
spread (Myr), number of stars in main sequence subsample, binary fraction
in (observed, see text) and ratio of standard deviation of distribution
of distances to line A in MSTO subsample, over standard deviation of
distribution of distances to line B in MS subsample (see text and Figure 3).
Tracs (MIST) isochrones (Dotter 2016; Choi et al. 2016)
with a range of ages (from 10 Myr to 10 Gyr) to the main
sequence (MS) region of the CMD using AV as a free pa-
rameter. We then proceed to find the two isochrones de-
limiting the MSTO’s blue and red edges (log(Age)min and
log(Age)max, respectively), which we then use to define the
spread of the MSTO (∆MSTO) as the difference (in Myr)
between the two isochrones. We finally compute the age as
the middle point between these two delimiting isochrones
(again in Myr). The values obtained for the parameters of
each cluster are shown in Table 1. Figure 2 shows our age fit
for NGC 2509 as an example. Note that all of the isochrone
fitting is done visually and so, we expect some differences
between the values found in this study and those across the
literature. However, it is important to note too that the ab-
solute values we find through this method are not very rele-
vant to the study since our analysis and statistics are done in
relative terms, i.e. comparing cluster’s CMD morphologies
directly (see next section).
Following this isochrone fitting procedure, we find an
age for NGC 2509 of 860 Myr, and a MSTO spread of
60 Myr. Note that his value for the MSTO spread is very
low compared to the other clusters in our sample which, with
ages 900± 200 Myr, all present spreads of at least 200 Myr
(see Table 1). In particular, the two clusters closest in age
to NGC 2509, i.e. MELOTTE 71 (940 Myr) and NGC 5822
(810 Myr), have spreads of 210 Myr and 202 Myr, respec-
tively.
3 ANALYSIS
Because the ages and age spreads we obtain with the above
procedure are dependent on a visual fitting of isochrones,
we choose to compare the CMDs between clusters directly.
Figure 3 shows the result of this procedure for all clusters in-
cluded in this study, with the left panel showing the CMDs of
all clusters, once corrected for extinction and distance using
AV and the distance modulus (µ), overplotted in different
colours. We then select cluster members in the MSTO by
means of a cut in their color and magnitude. In particular,
we select members of all clusters with colour (Gbp-Grp) and
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Figure 3. Left panel: Colour-Magnitude diagram of all clusters included in this study shown as colour-coded filled dots except for
NGC 2509 which is shown in magenta-filled stars. The blue and orange solid lines designated as A and B are the lines used for the
analysis of the main sequence (MS) and main sequence turn-off (MSTO) regions of each cluster’s diagram (see Section 3). A detail of the
MSTO region of the diagram is shown in the zoomed-in inset. Upper right: Histograms and Kernel Density Estimates (KDEs) computed
for the distributions of distances of stars in the MSTO regions of each cluster to the line A. Lower right: Same as the upper panel
but computed for the distributions of distances in the MS region to line B. Note that solid-fill symbols highlight the members selected
to represent these two regions. The black-dashed vertical line marks the separation we define between stars in the MS (to the left of
the line), and stars in the binary sequence of the clusters. The legend in each of these two right panels shows the computed standard
deviations of the distributions, which, in the case of the MS region (lower right panel) excludes all stars in the binary sequence, i.e. those
to the right of the vertical black-dashed line.
magnitude (G) values between [0.1− 0.6] and [1.5− 0.], re-
spectively. Then we compute the distances, in CMD space,
of each member in this region to an arbitrary line that we fix
for all clusters (blue line A in left panel of Fig. 3). In this way,
we are able to build a distribution of distances that gives us
an idea of the spread of the MSTO sub-sample and allows
us to compare the morphology of the MSTO of each clus-
ter directly. The normalised histograms and Kernel Density
Estimates of these distribution are shown in the upper right
panel of Figure 3 for all clusters. The histograms, shown
as filled-bars, are computed using 10 bins for all clusters.
The KDEs, shown as solid lines, are computed using Gaus-
sian kernels and Scott’s “rule of thumb” bandwidth selection
method. Note that the histograms and KDEs are computed
independently from each other. Due to the small differences
in age between clusters, the distributions are slightly mis-
aligned, so we correct for that aligning their peaks (or cen-
tres, in the case of bimodal distributions) with the peak in
the MSTO distribution of NGC 2509. This operation is just
for visualisation purposes and does not affect the shape of
the distribution. In this panel, we can already see that the
MSTO of NGC 2509 (solid magenta line) is significantly nar-
rower than the MSTOs of the other clusters in the sample.
In order to verify that the differences in the morphology
of these MSTO distributions are not caused by e.g. differen-
tial extinction that could be broadening the CMD of each
cluster differently, we repeat this procedure on stars in the
MS region of the CMD, selecting those with colour and mag-
nitude values between [0.3−0.8] and [3.8−2.3], respectively,
and defining a new, fixed, line in that region (orange line B
in left panel of Fig. 3) and compute the distance. We build
the corresponding histograms and KDEs in the same way
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we did for the MSTO region. The result of this analysis is
shown in the lower-right panel of Fig. 3, where it is clear that
the distributions, their widths in particular, are remarkably
similar, ruling out the possibility of external factors (i.e. dif-
ferential extinction) being the cause of the differences seen
in the MSTO region. In order to quantify this difference
we compute standard deviations of all distributions of dis-
tances. The ratio between the MSTO distribution’s standard
deviation to the MS one gives an idea of how much more the
MSTO is broadened with respect to the MS. This ratio for
NGC 2509 is of ∼ 1.4 while the minimum ratio found in
the rest of the sample clusters is ∼ 2.4 for NGC 7789, with
a maximum of ∼ 4.2 for NGC 5822. This gives an idea of
how different NGC 2509 is from the rest of the sample. Note
that we excluded what we identified as the binary sequence
of our clusters 1 from the standard deviation calculation in
the MS region. The effect of binaries in the broadening of the
MSTO is not significant (see Section 4.3) so in this region
we include the full range of the distribution.
Finally, in order to rule out differential extinction as
a MSTO broadening factor in particular, we performed an
experiment to measure its effect. We created synthetic clus-
ters using the same non-rotating and solar metallicity MIST
isochrones with no differential extinction we use for the age
fitting procedure. We then add a range of values for differen-
tial extinction (0.0 to 0.3) and we run our method on them.
We then measure standard deviations in the same way as
we did for our observed clusters and compute the ratios in
MSTO standard deviation to MS one for the distribution
of distances in the two regions of each cluster. We found
a maximum ratio of 1.8 in the worst differential extinction
case (0.3). Note that these synthetic clusters do not have
binaries. The ratios obtained for our observed clusters are
much larger, which effectively rules out differential extinc-
tion as a possible cause for the differences we are finding
between NGC 2509 and the rest of clusters in our sample.
4 DISCUSSION
We have shown that the open cluster, NGC 2509, has a much
narrower MSTO than all other clusters in our survey with
similar ages. The question, naturally, becomes why is this
the case? In order to answer this question we have looked
at a number of things that could affect the spread in the
MSTO region of the CMD in these clusters.
4.1 Stellar density
One potential cause for the differences between NGC 2509
and the other clusters could be if the clusters’ stellar den-
sities are significantly different (as this may affect the rota-
tional distribution of stars). Figure 4 shows the radial cumu-
lative star-count and stellar density profiles (top and bottom
panels, respectively) of all clusters included in this study. We
can see here that NGC 2509 does not stand out as particu-
larly special in terms of density.
1 We define as the binary sequence distribution, the part of the
distances distribution in the MS region to the right of the black-
dashed vertical line in the lower-right panel of Figure 3
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Figure 4. Upper panel: Cumulative star-count profile of the clus-
ter members colour-coded for each cluster. The vertical-dashed
lines mark the half-light radius of each cluster. Lower panel: stel-
lar density profiles of the clusters
In order to further confirm this, we estimate the relative
densities of all clusters in our samples using the number of
stars used to fit the width of the MS region (N?MS in Table 1)
as a proxy for mass, and our estimates for the half-light
radius of each cluster (dashed coloured lines in Fig. 4). Our
choice of method to approximate the mass of the clusters
is justified by the fact that the MS region is complete for
all clusters and also has relatively small errors (on proper
motions and parallax) so that background contamination
is minimised. With these estimates for the relative density
of the clusters we find that all clusters in our sample have
similar densities within a factor of 5. This rules out density
as a cause for the lack of eMSTO in NGC 2509. So next, we
look at the rotation distribution within the cluster.
4.2 Stellar rotation distribution
In studies of the eMSTO phenomenon, the case has been
made for a distribution of rotation rates as the cause be-
hind the phenomenon (e.g. Bastian & de Mink 2009; Nieder-
hofer et al. 2015; Brandt & Huang 2015; Kamann et al.
2018; Marino et al. 2018). Stellar rotation affects both the
luminosity and temperature of a star, effectively changing
its position in a CMD. On top of convective chemical mix-
ing, rotating stars have rotationally induced mixing, which
increases their luminosity and also their lifetimes (Maeder
2009). Moreover, rotating stars have their spherical symme-
try broken due to the centrifugal forces that now act on the
physical structure. These introduce a latitudinal dependence
c© 2019 RAS, MNRAS 000, 1–??
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Figure 5. The observed colour magnitude diagram of NGC 2509
members with overplotted non-rotating (upper panel) and rotat-
ing(lower panel) isochrones for a range of ages from log(Age) =
8.89 to 8.95. The rotation rate assumed in the lower panel is
our best fit value of Ω/Ωcrit,ZAMS= 0.5. Note that the rotating
isochrones match the morphology of the upper main sequence
better than the non-rotating ones.
on the effective surface gravity, which is directly linked to
the effective surface temperature of the star. This means
that the measured colour of a rotating star changes with
the stellar inclination angle. Averaged over the surface, the
temperature of a rotating star is lower than that of a non-
rotating star with same characteristics. This effect is thus
referred to as gravity darkening (von Zeipel 1924). If a stel-
lar population presents a distribution of stellar rotation rates
and inclinations within its members, the aforementioned ef-
fects can cause a spread of the MSTO region of the CMD
which, as mentioned in the introduction, has been obser-
vationally found to be true in several clusters already (e.g.
Bastian et al. 2018). In this context, the lack of an eMSTO in
NGC2509 may be related to the characteristics of the stellar
rotation distribution of the cluster. In order to investigate
this hypothesis, we present here some modelling efforts done
with the MIST stellar evolution framework (Choi et al. 2016;
Dotter 2016; Choi et al. 2018; Gossage et al. 2018), which
includes the effects of rotation.
We began with a qualitative analysis of the stellar rota-
tion distribution in NGC 2509. Fixing metallicity, µ, and ex-
tinction, we visually checked how well different non-rotating
and rotating MIST isochrones fit the data at different ages.
The results are shown in Figure 5. In the top panel it is ap-
parent that the non-rotating isochrones are always too blue
near the MSTO at the fixed cluster parameters, regardless
of age. We varied the rotation rate of the models until we
found a visual fit to the data at Ω/Ωcrit,ZAMS=0.5, where
Ω/Ωcrit,ZAMS is the ratio of angular velocity at the zero age
main sequence (ZAMS), divided by the critical angular ve-
locity of the star (see Maeder 2009, for details). At this ro-
tation rate, the blueward bend along the upper MS (lower
MSTO) in the isochrones becomes less pronounced, due to
the reddening effect of gravity darkening, providing a bet-
ter qualitative fit to the data. Through this initial analysis,
we thus suggest that NGC 2509 might be lacking a broad
range of stellar rotation rates (slow rotators in particular),
and seems to be primarily comprised of stars rotating near
Ω/Ωcrit,ZAMS=0.5. Interestingly, this area in the blueward
bend along the MS/MSTO where the non-rotating MIST
isochrones miss the data in NGC 2509, seems to be well
populated in the other clusters in our sample, which would
fit in the hypothesis of the MSTO spreads in these clusters
as being caused by a wide range of stellar rotational veloc-
ities present, with both slow and fast rotators within the
population.
There are, however, some important caveats of Figure
5 that ought to be considered. Regarding gravity darkening,
the effect is present, but it is important to note in this figure
that the plotted MIST rotating isochrones have luminosity
and effective temperature averaged over the stellar surface;
the color-magnitude spread due to gravity darkening and
random inclination angles is not shown. It is also important
to mention that the behaviour between MIST and other stel-
lar evolution models that include rotation such as Geneva
(Ekstro¨m et al. 2012) rotating models, may differ consid-
erably due to the different assumptions for the convective
and rotational mixing efficiencies (Choi et al. 2016, Gos-
sage et al. 2018). In MIST, the effect of rotational mixing
is relatively low in comparison with e.g. Geneva and gravity
darkening is the dominant effect, pushing the MSTO region
of the isochrone to cooler, redder areas of the CMD2. How-
ever, we would like to add that we have also performed visual
fits to the data with both rotating and non-rotating Geneva
isochrones, finding consistent results to the ones presented
here.
In either case (with or without stellar rotation), it ap-
pears that the color-magnitude spread of turn off stars in
NGC 2509, while very narrow, still gives some uncertainty
to the inferred cluster age, varying over about 75 Myr from
roughly log(Age) = 8.89 to 8.95. As mentioned before, this
2 We refer the reader to Choi et al. (2016); Dotter (2016); Choi
et al. (2018), and Gossage et al. (2018) for a detailed description
of the assumptions and limitations of MESA models, as well as
comparisons with other stellar evolution models available
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Figure 6. The resulting Ω/Ωcrit,ZAMS distribution when employ-
ing the fit procedure of Gossage et al. (2019) for the σtΩ model
(which includes an age spread and a distribution in rotation rates,
top panel) and the Ω model (only a distribution in rotation rates)
in the bottom panel. In both cases we find an extremely peaked
distribution of the rotation rates. In all cases we assumed a ran-
dom orientation of the stellar rotation rates with respect to the
line of sight.
eMSTO spread is much smaller than expected (should be
near 160 Myr according to the trend presented in Nieder-
hofer et al. (2015)) for a cluster of this age.
While the visual fit of isochrones suggests that this data
is best described with moderate stellar rotation of all stars
in the cluster, the real constrains this qualitative analysis
can put on the rotation distribution of the system are very
limited. Thus, we followed it up with a dedicated statisti-
cal analysis. For this, we put our NGC 2509 data through
the same simulation framework as in Gossage et al. (2018,
2019), where synthetic stellar populations are created with
MATCH (Dolphin 1997, 2002), based on MIST stellar mod-
els, and are fitted to the data returning the best-fitting pa-
rameters for the observed cluster (see Section 3 of Gossage
et al. 2018 for a detailed description of the methodology
used in this study). Gravity darkening is incorporated in
these synthetic clusters considering a random distribution
of inclination angles with respect to the line of sight. The
fit between data and synthetic model cluster is then car-
ried out via Hess diagrams and Poisson likelihood statistics,
which are combined to find the overall likelihood of the data-
model comparison between the models considered.
For our analysis, we build three different models that
we refer to as σt, the σtΩ, and the Ω models, which al-
low for only age-spread, age-spread combined with stellar
rotation rate distribution within the cluster, and only stel-
lar rotation rate distribution, respectively. We consider ages
in the range of log(Age) = 7.60 to 9.80, and rotation rates
from Ω/Ωcrit,ZAMS= 0.0 to 0.9. We then fit the Gaia data of
NGC 2509, non-parametrically, finding that the latter two
models provide a significantly better overall likelihood than
the σt model. These two best fitting models then score
about the same probability and consistently find an ex-
tremely narrow distribution of stellar rotation rates centred
at Ω/Ωcrit,ZAMS= 0.5, with the Ω-model finding a best fit
age for the cluster at log(Age) = 8.89, and the σtΩ-model
combining the peaked Ω/Ωcrit,ZAMS= 0.5 distribution with
an age spread of 13 Myr, centred at log(Age) = 8.90, which
is also consistent with no age spread whatsoever. Figure
6 shows the ”weight” on the y-axis and Ω/Ωcrit,ZAMS on
the x-axis for these two best fit models, with the σtΩ
and Ω models shown in the top and bottom panels, re-
spectively. So it seems that, within the constraints of our
simulation framework, the cause of the narrow MSTO in
NGC 2509 is a very narrow distribution of stellar rota-
tion rates, i.e. all stars seem to be rotating at the same
rate of near Ω/Ωcrit,ZAMS=0.5 in this cluster. Finally, we
note that these simulations cannot provide tight constrainst
on the orientation of the rotating stars aside from saying
that it is consistent with a random distribution. However,
we can say that, while there is reason to think that the
stellar spins may be aligned in some clusters (see Kamann
et al. (2019)), such an alignment could not reproduce the
observed narrow MSTO in NGC 2509 by itself, i.e., a nar-
row Ω/Ωcrit,ZAMS distribution is always required, according
to our results.
We would like to emphasise that these simulations are
here presented simply as a plausible explanation of the ob-
served morphology of the MSTO in NGC 2509 and that
the only way to confirm if stellar rotation is indeed causing
this particular feature is to obtain V sini measurements of
MSTO stars in this cluster.
4.3 Binaries
Finally, we looked at the binary fraction in NGC 2509 which
could also have an impact on the spread (or lack thereof) in
the MSTO. We define the binary fraction as
fbin = Nbin/Ntot, (1)
where Nbin is the number of members in the binary sequence
along our specified MS region of each cluster, and Ntot is the
total number of members in that same region. We define a
star as member of the binary sequence when its distance
to the line B in the left panel of Figure 3 is larger than
c© 2019 RAS, MNRAS 000, 1–??
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Figure 7. CMD of both NGC 2509 data and synthetic cluster
created based on our best fit parameters (Ω-model, see text).
Gaia data is shown as magenta-filled dots, while synthetic data
is shown in grey and blue-filled dots, with blue dots highlighting
the binaries in our synthetic population.
0.375 (once all peaks have been aligned with NGC 2509’s
one). This is approximately the inflexion or minimum point
(depending on the cluster) between the two peaks of the
MS distribution, separating the main sequence and binary
sequence (gray-dashed vertical line in lower-right panel of
Fig. 3). We use the same value for all clusters which might
not be exact but it is a reasonable approximation looking at
our figure. The binary fractions we find following this crite-
rion are listed in Table 1. But we need to keep in mind that
these fractions are not complete, since we are only sensitive
to nearly equal mass binaries in these bands.
In order to correct for the unseen fraction of binaries in
NGC 2509 we performed simulations creating synthetic clus-
ters and comparing the synthetic CMD with the observed
one. We simulated NGC 2509 assuming M = 3100 M,
fbin = 17%, log(Age) = 8.89, Ω/Ωcrit,ZAMS= 0.5, and a
random distribution of inclination angles, as our analysis of
the rotation distribution above suggests. We note that bina-
riesare modelled in our code as having a flat mass fraction
distribution (0.0 to 1.0), with no interaction between the
stars. We then increased the binary fraction in our simulated
cluster until the total number of stars in the MS region of
the simulated cluster, where our observations should be com-
plete, matches the observed number of stars in NGC 2509
in that range. We find that the fraction of binaries should
be about 50%, which is quite a high fraction for a cluster
this age. Figure 7 shows the CMDs of both synthetic and
observed NGC 2509. The remarkable thing about this sim-
ulation is that it shows how, despite the high fraction of
binaries included, these don’t seem to have a broadening
effect on the MSTO.
5 CONCLUSIONS
In this study we present Gaia photometry of several galactic
open clusters with ages around 900 Myr and compare their
MSTO morphologies. We do this by directly comparing the
morphology of the MSTO region of the CMD in all clusters,
instead of estimating a spread by fitting isochrones. We fo-
cus on the open cluster NGC 2509 which lacks an extended
MSTO while all other open clusters we could find at this
age do show this feature. Through our results and analysis
we arrive to the following conclusions:
• NGC 2509 does not show a spread in its MSTO while
all other clusters at similar ages in our sample do.
• The differences in morphology between NGC 2509 and
other clusters are statistically significant and not likely to be
caused by effects such as e.g. differential extinction. Stellar
density effects on the rotation distribution of the stars in
the cluster, which also could affect the width of the MSTO,
are also ruled out as NGC 2509 does not seem to be any
different than the others in that respect.
• Stellar evolution models that include the effect of rota-
tion are able to reproduce the particular characteristics of
NGC 2509’s MSTO much better than non-rotating models
can. In particular, the models best fit the data when as-
suming a narrow range of rotational velocities centred on
Ω/Ωcrit,ZAMS= 0.5. This is true independently of the age
and rotational inclination angle in the ranges we’ve tested
within both MIST and Geneva frameworks.
• The binary fraction we measure from observations in
NGC 2509 is of ∼ 17% but we are limited in that the Gaia
bands we use are only sensitive to similar-mass binaries. We
simulate the cluster based on the properties of the rotation
distribution we find as a best fit in our analysis and find a
total binary fraction of ∼ 50%. This high fraction however
does not seem to have an effect on the width of the MSTO,
and so we rule out the influence of binaries as a possible
cause of the big differences we see between the morphology
of NGC 2509’s CMD and that of the rest of clusters in our
sample.
In light of these results, it is clear that NGC 2509 is
a very special cluster whose unique properties could poten-
tially reveal a great deal regarding if and how stellar rotation
affects the morphology of a cluster’s CMD, and, as such, it
deserves further investigation. In particular, it is pressing to
obtain data on the stellar rotational distribution to confirm
its peaked nature. Additionally, we will be exploring our
Gaia DR2 open cluster database to look for other clusters
with anomalous MSTOs.
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